or heritable biobehavioral characteristics intermediate between the genotype and phenotype of an illness. 10 ERP abnormalities in conjunction with other endophenotypes may lead to improved understanding of the complex etiologies of psychopathology and to the discoveries of more efficacious treatments. The present study evaluated the impact of psychosis on ERP endophenotypes in BD.
One potential endophenotype of BD and SZ is a reduction in the P3b ERP, thought to index working memory and context updating of the sensory systems. 11 The P3b (P3) is a centroparietally maximal ERP peaking approximately 300 milliseconds (ms) post-target stimuli in the auditory oddball paradigm in which participants discriminate between frequently presented (standard) and rarely presented (target) tones. P3
deficits are often investigated in SZ, 12 and less so in BD; however, studies have found reductions in P3 amplitude 4, 5 and/or prolonged latencies 13 in BD patients compared to healthy controls (HCs). P3
deficits have been detected in probands in a euthymic state 14 and in remission, 15 as well as in unaffected first-degree relatives. 9, 13 The P3
is likely not a specific marker of BD or SZ but perhaps a marker of cognitive vulnerability or impairment.
16
Another potential ERP endophenotype in the auditory oddball paradigm called the N100 (N1) is elicited 100 ms post-stimulus and may index early sensory registration and attention. 11 Findings of N1 amplitude in response to standard stimuli in BD are mixed, so it is unclear whether basic electrophysiological responses to typical sounds earlier in the information-processing sequence are intact in this disorder.
Studies have more often reported N1 amplitude reductions in SZ 5, 17, 18 than in BD, 19 although others have not found deficits in BD 14 or SZ.
20
N1 was found to differentiate BD from SZ in a prior report due to a greater reduction in SZ, whereas P3 amplitude did not differentiate the two. 21 One potential explanation for the mixed results in BD could be the heterogeneity of the illness, which is often not explicitly studied; it is possible that early electrophysiological responses to standard stimuli differ between patients with BD with psychotic features (BDP) and individuals with BD who are not experiencing psychotic features (BDNP).
Most studies have only examined these oddball responses in the temporal domain, wherein ERPs are informative for detailing the millisecond-level stimulus-locked sequence of the post-synaptic activity of assemblies of cortical pyramidal cells. 11 However, temporal domain analyses are limited in that ERPs are averages of trials and hence do not capture neural activity in the frequency domain that is not reliably synchronized with stimulus onset. In TF analyses of auditory oddball responses, deficits in activity have been found in low-frequency and occasionally high-frequency ranges in BD and SZ. Numerous studies have reported associations between the target P3 and delta and theta, low frequencies posited to be involved in focused attention, novelty, signal matching/detection, and decision-making. 23, 24 Reduced delta and theta band activity in response to standards and targets has been reported in BD [25] [26] [27] and SZ. 20 Reduced theta/alpha activity in response to standards differentiated both BDP and SZ subjects from HCs. 28 Reductions in early high-frequency gamma activity in response to standard tones have been found in SZ, 29, 30 whereas minimal available evidence suggests an intact response in BD. 31 While oddball TF findings are varied, studies overall report reduced activity in low frequencies in BD and SZ, which could indicate decreased sustained attention and allocation of processing resources in stimulus discrimination.
In the present study, auditory oddball electroencephalographic (EEG) responses were investigated in temporal and frequency domains to standard and target stimuli in BD patients and HCs. In the ERP analyses, the N1 response to standard stimuli and the P3 response to target stimuli were analyzed. In the TF analyses, ERSP and ITC were analyzed from delta to low gamma. ERP and TF analyses were performed on BDP and BDNP subsets of the BD group. Lastly, factor analyses were performed in HCs and patients with BD to elucidate the interrelations between EEG measures, cognitive measures, and clinical symptomatology. N1 amplitude was predicted to be reduced in BDP but not BDNP. Reduced P3 amplitude and diminished delta and theta ERSP and ITC responses to target stimuli were predicted in BD, with more severe reductions in BDP. In the factor analysis, later target-related activity was expected to be more strongly associated with cognitive measures than early standard-related activity. 
| METHODS

| Participants
| EEG data collection and processing
The auditory oddball paradigm consisted of 75 target tones at 1500 Hz Automatic artifact rejection was next performed on the data, which removed segments containing voltage that exceeded ±100 μV in Fz, Cz, and Pz. These midline electrodes were selected for analysis on the basis of previous oddball studies. 41 Additional trials with signal flat-lining or noisy data across channels were removed after visual inspection. Participants were excluded if < 70% of trials remained, resulting in the exclusion of 19 participants (13 BD patients and six HCs).
Seven participants were excluded due to a less than chance rate of response to target stimuli in trials remaining post-artifact rejection (four BD patients and three HCs). Preprocessed datasets at this stage were entered into TF analyses. For ERP analyses, datasets underwent an additional 100-ms baseline correction and a low-pass 24-Hz FIR filter.
Trials were then averaged separately for standard and target stimuli.
| Event-related potentials
In the present study, the N1 wave in response to standard stimuli and the P3 wave in response to target stimuli were analyzed. The midline electrode (Fz, Cz, and Pz) with maximal mean amplitude voltage for N1 and P3 was determined by performing repeated measures analyses of variance (ANOVAs). N1 mean amplitude was maximal at Fz, and P3
was maximal at Pz (P < .05). Mean amplitudes and peak latencies were measured in the time window of 80-150 ms for N1 and 280-600 ms for P3. Peak latency was measured as the time point at which voltage was minimum for N1 and maximum for P3.
| Time-frequency decomposition
A Morlet wavelet spectral decomposition was performed to extract ERSP in the form of total power (evoked and induced activity) and ITC, ie the variability of single trials in phase-locking with respect to the stimulus. In order to analyze lower frequencies within the constraints of the epoch size, data were reflected onto either side of each individual epoch. This technique is explained in depth in other sources 22 and has been utilized previously. 42 The wavelet transform was performed on epochs of 1725 sample points utilizing the 400-ms period preceding stimulus onset for baseline normalization. The wavelet increased from 3 cycles at 2 Hz up to 37.5 cycles at 50 Hz.
Two hundred time points and 100 log-spaced frequencies were generated, and the resulting window size was 835 samples wide. Epochs were trimmed to their original non-reflected length for subsequent statistical analysis.
| Statistical analysis
In the ERP analyses in HCs and BD patients, one-way analyses of covariance were performed for mean amplitudes and peak latencies of the N1 and P3 waves utilizing SPSS (IBM SPSS Statistics for Windows, Version 24.0. Armonk, NY, USA). The model included a fixed factor of group and a covariate of age, given associations with P3 and age. 43, 44 Correlations between ERP amplitudes and latencies and age were performed to investigate these relationships in our dataset. Psychotic features ANOVAs for N1 and P3
were performed on subsamples of HCs, BDP patients, and BDNP patients. Bonferroni-corrected post hoc t tests were performed to investigate the direction of group differences in significant effects.
Differences were considered statistically significant at a threshold of P < .05. Effect sizes reported are partial eta-squared values.
In a data-driven approach toward the TF analysis, non-parametric permutation testing was implemented using EEGLAB's statcond function on ERSP and ITC data from 2 to 50 Hz from stimulus onset to 750 ms. ERSP and ITC were analyzed at channel Pz for target stimuli and Fz for frequent stimuli, coinciding with ERP analyses. Unpaired group t tests with 10 000 permutations were performed. A false discovery rate (FDR) correction was applied to the data, and group differences were then considered significant at a threshold of P < .05.
Permutation tests were then performed in the HC, BDP and BDNP subgroups.
Lastly, PCAs with non-orthogonal oblique Promax rotations were performed separately for the HC and BD groups. The number of components was determined with a Kaiser normalization in which components emerge if they explain a sufficient portion of the data's variance defined by having an eigenvalue > 1. Variables were considered meaningful representations of the components in the pattern matrix when they had factor loadings > 0.4. Age was included as a variable for both groups. EEG variables included were mean ERSP and ITC in response to standard and target stimuli in regions of peak activity, N1 amplitude, and P3 amplitude and latency.
Cognitive measures included were WASI IQ score and raw digit symbol score. Raw rather than scaled digit symbol scores were included in the model so as not to remove notable associations with age. The BD PCA included depressive and manic symptoms as measured by total MADRS and YMRS scores, respectively.
| RESULTS
| Demographics
In the total sample, HCs and patients with BD did not differ by age, sex, or ethnicity (Table 1 ). The groups differed in years of education, with
HCs having achieved higher levels of education than BD participants.
The groups did not significantly differ on WASI IQ scores, but HCs did have significantly higher scores in the WAIS digit symbol coding test than patients with BD ( Table 1 ). The HC subset in the psychotic features analysis (n = 25) did not significantly differ from the total HC sample (n = 98) in age, gender, education level, or ERP measures of interest. An equal number of participants were unmedicated in the BD participants with (BDP) and without (BDNP) psychotic features (n = 7 in each group). In the total sample analysis, the N1 was not significantly different between the groups, whereas the P3 was significantly altered in BD patients compared to HCs. Specifically, for the N1, significant differences 
| Behavioral performance
| Event-related spectral perturbation and intertrial coherence
Overall in the full-sample TF analyses, reductions were found in ERSP and ITC in response to standard and target stimuli in BD subjects In particular, in the total-sample analysis of ERSP in response to standard stimuli, decreased power was found in BD patients in the high delta/low theta range (3-6 Hz) in the first half of the time range from stimulus onset to 400 ms (FDR corrected, P < .05) ( Figure 5 ).
There was also a brief early reduction in activity in the low beta range 
| Principal component analysis of electrophysiological, cognitive, and symptom measures
Regions of mean ERSP and ITC included in the PCA based on grouplevel peak activity were 0-400 ms at 3-6 Hz for standard stimulus response and 0-500 ms at 2-6 Hz for target stimulus response, because these were found to statistically distinguish groups. Mean alpha ERSP In BD patients, component 1 similarly had high loadings related to standard stimulus processing (see Table 3 
| DISCUSSION
The present study was novel in its concurrent examination of early sensory and late cognitive EEG responses in the auditory oddball paradigm in bipolar disorder with (BDP) and without (BDNP) psychotic features across temporal and frequency domains. Reduced neural responses were found in BD in the temporal and frequency domains in response to frequent standard and rare target auditory stimuli, indicating deficits in basic sensory, attentional, and cognitive processes.
Additionally, greater reductions in ERPs were found to both types of auditory stimuli in BDP.
In the auditory oddball paradigm, the N1 ERP response to standard stimuli may index basic sensory and attentional processes, and the P3 response to target stimuli may index later context updating of the sensory systems. 11 The present finding of a non-significant difference in N1 amplitude in response to standard stimuli in BD patients compared to HCs is similar to a number of previous studies. 
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In the present TF analyses, the most robust deficits were found in the slower frequencies delta and theta in BD in response to standard and target stimuli, coinciding with previous research. [25] [26] [27] These deficits were evident in both ERSP and ITC analyses, indicating decreased total power as well as increased signal variability. Late alpha suppression or desynchronization in response to target stimuli found in both groups has been reported previously. 47 Brief periods of reduced beta and gamma ERSP and ITC in BD survived rigorous permutation tests, although it is unclear if these differences are reliable due to their fleeting durations and distribution across the time window. While the psychological phenomena associated with particular frequency bands are complex and not well understood, reductions in delta and theta frequencies in BD during stimulus discrimination have been suggested to represent deficits in cognitive load, sustained attention, and signal detection. 48 Theta activity is thought to have a role in the synchronization of activity across frontal, medial temporal, and hippocampal regions to form networks relevant to cognitive processes and information coding. 49 Therefore, decreased theta activity under cognitive load could be a biomarker for cognitive deficits in psychopathology. 27 Future work is encouraged to investigate effects of pre-stimulus power and phase angle on post-stimulus EEG activity. that neural responses in subjects with BDP are more similar to those in subjects with SZ given their close proximity on the psychotic spectrum, but it is also possible that those individuals with BD experiencing psychotic features simply have a more severe form of psychopathology. 45 Another possibility is that the neural activity related to auditory hallucinations in individuals with BDP is associated with neural and attentional interference in discrimination between auditory tones in this paradigm. Lastly, future studies are encouraged to perform data reduction techniques to derive electrophysiological activity from all EEG sensors and more fully capture the signal across the scalp over time.
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In summary, we found reduced neural responses in BD to frequent and rare auditory stimuli thought to be endophenotypes for psychosis, and these reductions were more severe for those individuals with active psychotic features. These findings suggest disruptions in early sensory and attentional processes as well as late cognitive processes such as context updating. Future analyses of EEG responses in temporal and frequency domains across dimensions of clinical symptoms can broaden our understanding of the etiology and maintenance of psychopathology.
